Changes in arterial distensibility have been widely used to identify the presence of cardiovascular abnormalities like hypertension. Pulse wave velocity (PWV) has shown to be related to arterial distensibility. However, the lack of suitable techniques to measure PWV nonintrusively has impeded its clinical usefulness. Pulse transit time (PTT) is a noninvasive technique derived from the principle of PWV. PTT has shown its capabilities in cardiovascular and cardiorespiratory studies in adults. However, no known study has been conducted to understand the suitability and utility of PTT to estimate PWV in children. Two computational methods to derive PWV from PTT values obtained from 23 normotensive Caucasian children (19 males, aged 5-12 years old) from their finger and toe were conducted. Furthermore, the effects of adopting different postures on the PWV derivations were investigated. Statistical analyses were performed in comparison with two previous PWV studies conducted on children. Results revealed that PWV derived from the upper limb correlated significantly (Po0.05) regardless of computing methods or postures adopted. The findings here suggest that PTT measurement can be used as a convenient and noninvasive surrogate measure of derived PWV in prolonged clinical studies, especially on younger or less cooperative children. Furthermore, the simple set-up and noninvasive nature of PTT can promote its usefulness in ambulatory monitoring.
Introduction
Studies of cardiovascular functions have established arterial characteristic impedance as a measure of ventricular afterload. In order to compare the loading changes due to different circumstances, arterial distensibility has been widely used as its assessment. 1, 2 It is also known that arterial distensibility is an important mechanical property of the arterial tree. A reduction in arterial distensibility increases arterial characteristic impedance, pulse pressure, and the pulsatile cardiac workload. Furthermore, arterial distensibility can be considered as a strong predictor of cardiovascular morbidity and mortality in patients with hypertension as well as end-stage renal diseases. 2 Increased interests and investigations on the arterial distensibility in children have also been developed over the recent years. [3] [4] [5] Current clinical practice recommends blood pressure (BP) measurement as a marker of the cardiovascular status of patients, and a mercury sphygmomanometer continues to be the gold standard for such diagnosis. 6 However, the nature of this technique does not allow for continual monitoring as it can cause discomfort to the patients. 7 Previous studies have shown that pulse wave velocity (PWV) is inversely related to the square root of arterial distensibility. 2 However, the assessment of PWV is hampered by the lack of suitable techniques to estimate arterial pulse pressure noninvasively. 8 Some researchers have tried to take the oscillating wall as a correction factor that results in complex equations and parameters. 9 To avoid the direct use of pulse pressure, others have measured PWV by estimating the time delay between waveforms recorded simultaneously at two positions. 2, 8 Characteristic impedance of an arterial segment is directly related to regional arterial PWV, which in turn is correlated to arterial wall stiffness and wall thickness. It has been established that a number of diseases and pathological conditions can potentially induce changes in the arterial properties of children. 4, 5 Monitoring of arterial distensibility has become an important prerequisite for any study conducted on the cardiovascular variability in patients. 6, 7 However, nonintrusive techniques are preferred when prolonged monitoring is required. This can be useful especially on less cooperative younger children or those who can be badly disturbed by the conventional measurement procedures like the mercury sphygmomanometer or Doppler ultrasound machine. Presently, there are still continual efforts to develop more accommodating techniques to facilitate prolonged monitoring of the cardiovascular status of patients. 6, 7 Pulse transit time (PTT) is a simple and noninvasive technique derived from the principle of PWV. It has shown the abilities to estimate the degree of breathing efforts in response to involuntary physiological changes in the upper airway of adults 10, 11 and recently in children. 12 PTT is generally used as an indirect measure associated with changes in the arterial wall stiffness that is in turn affected by changes in BP. [10] [11] [12] Documented evidences have also affirmed the potential use of PTT by demonstrating its significant correlation with oesophageal pressure in their observed variations. 12, 13 From the present literature, PTT can be defined as the time taken for the arterial pulse pressure wave to travel from the left ventricle to a peripheral site, usually a finger or toe. For the convenience of PTT measurement, the R-wave of the electrocardiogram (ECG) is generally used as the starting point and a common technique that is used to estimate the arrival of the pulse wave at the periphery is the photoplethysmography (PPG) method. 10 Interestingly, PTT is considered as a semiquantitative measure and its absolute value by itself cannot be used directly. It is recommended that fluctuations from its baseline values be used as an indicator of relevant events. 11, 12 Moreover, it is worth noting that there are limited data available on the nomograms and vascular values of PTT in children. At present, PTT values may not be suitable to be used in a direct manner. Hence, PTT derived to its PWV equivalent may be more applicable in clinical investigations.
Previous studies have examined the physiologic parameters 14 and potential applications of PTT in respiratory sleep studies. [10] [11] [12] Currently, there is limited finding to support the use of PTT beyond respiratory-related studies in children. With the known relations between PWV with PTT and PWV with arterial distensibility, PTT can be considered as a convenient and noninvasive derived method to monitor arterial distensibility changes in children. Hence, the objectives of the present study performed on children were to (1) assess the potential of PTT as a noninvasive surrogate measure to monitor arterial distensibility changes in children, (2) estimate PWV from the measured PTT in the sitting and supine postures, (3) use two different computation methods to derive a PWV equivalent, (4) compare the derived PWV with two known studies and (5) examine the suitability of peripheral sites and postures to derive PWV from PTT.
Methods

Subjects
This was a study that included 23 Caucasian children (19 (bpm) . All the children were recruited from the low-to-medium socioeconomic community in the Brisbane suburban areas. Their caregiver(s) and they were given the study purposes and information verbally first. Institutional ethical approval and informed consent was obtained prior to the commencement of any activity in this study. All measurements were performed in a typical sleep laboratory with a tranquil environment at an ambient temperature of 251C between 0900 and 1100 h.
Experimental procedures
The child was asked to rest for 5 min prior to any taken measurements to allow cardiovascular stabilisation. PPG was first measured on the right index finger and then on the right second toe. The PPG recordings were derived from the serial output of a pulse oximetry (Novametrix Medical Systems Inc., Wallingford, USA) and were measured in conjunction with an ECG machine (S&W Medico, Teknik, Denmark). Both PTT peripheral examinations were performed for 2 min with the child sitting back on the chair and arm resting on the chair. This sitting procedure was done to minimise the possible effects hydrostatic pressure can have on BP in the arm. 15 A minimum of 30 pulses free from motion artefacts was obtained from each examination.
After these examinations, the child was asked to go to supine posture on a provided bed and rest for a 5-min period. Throughout the examinations, the position of having the arm parallel to the body was adopted to minimise the effects hydrostatic pressure can have on BP in the arm. 15 Similarly, at least 30 motion artefacts-free PTT readings were recorded with the same finger and toe as the previous examinations. Then, the child was asked to return to the same sitting posture and rest for 5 min to obtain cardiovascular stabilisation. SBP, DBP, MAP and HR were measured while the child was still in the sitting position. An appropriate arm cuff was chosen based on the recommended criteria. 16 The child was then asked to stand up for the arm and leg vascular path length of the measured peripheries to be recorded.
Differences in peripheral path length (PPL-D) were calculated as the absolute differences in the arm and leg path length. Both path lengths were taken with the sterno mambrial notch as the reference point as given in Figure 1 . Unlike adults, there were both inter-BP and intra-BP differences in children due to age-related changes. 17, 18 Hence, all BP measurements were normalised by known agespecified changes. Furthermore, in order to reduce the possible effects of gender and height differences on BP, the measurements were normalised accordingly using its corresponding 90th percentile mark. 17 The SBP, DBP, MAP and HR measurements were recorded manually off an automatic sphygmomanometer (Dinamap, Critikon Inc., FL, USA).
Statistical methods
In this study, two methods previously studied in investigations on PTT and PWV measurements were adopted to assess their suitability and utility on children. For the convenience of PTT measurement, additional time delay is induced on the pulse wave travelling from the aortic valve to the periphery. 10, 11 By using the ECG R-wave as the starting point, left ventricular isometric contraction time or the time delay between the R-wave and opening of the aortic valve is added to the measured PTT. The present literature suggested that this delay is approximately 160 ms in adults 11, 19 and PWV cannot be estimated accurately unless this time delay is excluded from the obtained PTT value. For the PPG signals, a 25% point of their corresponding peak is recommended to be used to indicate their arrival. 10, 12 One of the computational methods was proposed by Okada et al 20 and Nitzan et al 21 in their similar adult studies. In their proposed method, PWV can be estimated by dividing PPL-D with respect to PTT differences (PTT-D). In this study, PPL-D and PTT-D were obtained as illustrated by Figures 1 and 2 , respectively. By using the differences in vascular path length and transit time between the two measured peripheral sites, the intrinsic time delay can be minimised since this delay is inclusive in both the transit time measurements. The second method proposed was a derivation from the findings of others from their clinical investigations. 11, 19 This can be seen as simply performing a mere substraction of 160 ms from any given PTT value is to minimise the effect of left ventricular isometric contraction time. Thereby, the remaining value to be divided by the respective peripheral path length. It is worth noting that the reliability of both methods to estimate PWV from children has yet to be wellstudied. Results from both methods were then compared with the predicted PWV values derived from two known studies conducted on children by Avolio et al 1 and Cheung et al 2 accordingly. It is worth noting that the former study has both adult and child subjects in the derivation of their regression equations. However, the age range of the children recruited in the present study was within that covered by the study of Avolio et al. Statistical analysis was performed using SPSS version 10 (SPSS, North Chicago, IL, USA) while mathematical computation was performed using Excel XP (Microsoft Corporation, Seattle, USA) package. Using Student's t-test for paired variates or two-way analysis of variance, the test for significant differences between PWV values derived from the previous two studies and those obtained in this study. A value of Po0.05 was considered statistically significant in the present study. Tables 1 and 2 show the correlations and the significant level of PWV values derived from the observed PTT obtained in the present study and the values calculated from the two previous studies. The two-way analysis of variance for significant differences and correlations showed close agreements (r 2 ¼ 0.99 and Po0.05) between the two previous PWV regression equations. To compare the two present methods, the difference was also computed as given in the same two tables. It can be observed that the PWV values derived from the finger as the measuring periphery showed better correlated results with the previous two studies (Po0.05). This was regardless of the methods or posture adopted. In contrast, a significant relationship between the previous two studies was not established with the toe being the measuring periphery as given in both the tables.
Results
PTT measurements
were successfully obtained from the 23 children recruited. Their mean PTT readings for sitting posture from their finger and toe were 241.4717.6 and 299.1722.0 ms, respectively. With these obtained mean PTT values, the PTT-D between the two was found to be 57.977.9 ms. Likewise for the supine posture, their finger PTT, toe PTT, and PTT-D were 238.1718.2, 342.0725.6 and 102.7711.4 ms accordingly.
Discussion
Understanding cardiovascular functions can reveal the possible pathogenesis of diseases like hypertension. 22, 23 In adults, a decrease in arterial distensibility has adverse effects on the cardiac performance due to increased workload on the left ventricle and decreased coronary flow caused by a decrease in diastolic aortic pressure. 3 The measure of arterial distensibility has also shown its importance to determine the cardiovascular status in children. 1, 2, 3 For children, changes in arterial distensibility observed may be age-related with the effect of this change on ventricular function, and overall haemodynamics can still remain complex. 2 Nonintrusive monitoring techniques are preferred for the comfort of patients especially when continual measurement is required. PTT have already demonstrated its capabilities as a measure in other clinical investigations like overnight respiratory sleep studies. [10] [11] [12] Owing to its simple and noninvasive nature, continual monitoring with the PTT technique can be suitable even for children who are younger or less cooperative with the measurement procedures. However, there are scarce data about both PTT nomograms and abnormal values for children. In view of this, PTT values may not be suitable to be used in a direct manner. It has to be derived into an equivalent form in other measures that are more established in the present literature. With their correlated relations, PWV values can probably be considered as the best candidates. Hence, methods to derive PTT to its PWV equivalent are required for its feasible use as an arterial distensibility changes monitor. In respiratory sleep studies, variations from PTT baseline values are recommended to be used as an assessment of the changes in arterial wall stiffness. [10] [11] [12] Likewise, PTT measurement can be used to monitor changes in arterial distensibility by observing the corresponding variations relative to its baseline values. However, the exact correlation between the two parameters requires further investigations. It can also be observed that there are differences in PTT at different postures and peripheral sites. With their established inverse relationship, PWV derived from these PTT values can also be diverse. It is therefore Pulse transit time to monitor arterial distensibility JYA Foo et al PWV is known to be related to arterial distensibility but its use is limited by the lack of suitable techniques to estimate arterial pulse pressure in a noninvasive manner. Smith et al, 10 Katz et al 12 and Argod et al 13 PTT is inversely correlated to PWV and therefore is indirectly related to arterial distensibility.
Smith et al 10 and Argod et al 13 The use of PTT to reflect the observed cardiovascular responses is supported by documented evidences. This is evident with the established and significant correlation between blood pressure with PTT and oesophageal pressure monitoring with PTT. Pitson et al 11 and Katz et al 12 It is understood that PTT is a semiquantitative measure and its absolute value cannot be used directly. Fluctuations from its baseline values are instead recommended to be used as an indicator of relevant events. Okada et al 20 and Nitzan et al 21 The first computation method used in the present study to derive PWV from PTT values was based on similar adult studies previously conducted by others. Pitson et al 11 and Marieb 19 The second computation method was an indirect derivation based on known evidences established by others.
Main findings from the present study 1.
No study has yet proposed the use of PTT beyond respiratory sleep studies in children. It is hoped that findings in this study may provide evidence that PTT can be used as a convenient and noninvasive derived method to monitor arterial distensibility changes in children. This is based on the PWV with PTT and PWV with arterial distensibility relations.
2.
There is scare knowledge for both PTT nomograms and abnormal values for children. Therefore, it is not suitable to use the absolute value of PTT as a direct measure. It has to be derived into other established sources. PWV values can be considered to have the closest relationship with PTT. Hence, suitable methods to derive PTT to its PWV equivalent are required for this to be feasible.
3.
Previous studies conducted using the first computation method assessed the relationship between the derived PWV and physiologic parameters like age, gender, blood pressure and height. However, the present study compared the derived PWV values with two other known studies, particularly on children of selected ages.
4.
The use of the second computation method serves two purposes. Firstly, the left ventricular isometric contraction time for adults is known to be about 160 ms, but no study has suggested whether this value is suitable for children. Secondly, this method of computation to estimate PWV has yet to be studied by others on neither adults nor children.
5.
The results obtained from this study also suggest that variations from PTT baseline can be used as an indicator of relative changes in arterial distensibility in children. 6.
The secondary theme of this study is to propose simple PTT computation methods, so that it can be applied easily. It can be observed that neither signal processing techniques nor mathematical deviations are proposed in the study. The inclusion of these may improve the accuracy of the results to some extent but may be cumbersome for practical use. 7.
There are proposals that PTT can be one of the key diagnostic tools to be used in ambulatory studies for both adults and children. Particularly, portability of this technique is not novel in respiratory sleep studies. However, PTT-based system as a portable cardiovascular monitor has yet to be proposed.
useful to identify a suitable periphery and posture for future studies that require both PWV and PTT measures. In this study, there are two methods of computing PWV from the obtained PTT being proposed. Both methods have revealed their relative accuracy in estimating the arterial PWV in children. It is worth noting that using either of the methods, the PWV obtained can be best seen as an approximate. This is because both the proposed methods cannot fully account for the complexity in the human circulation system. However, they have shown significant correlated results when compared with those derived from two previous studies at the upper limb. Studies have established that the upper limbs due to their approximate anatomical position to the heart, are less gravitationally dependent and experience similar hydrostatic pressure closer to that in the aorta. However, in the lower limb, a change in posture can cause changes in hydrostatic pressure experienced. This can be due to BP being relatively elevated in that region when the adopted posture changes from supine to sitting. 15, 24, 25 From the obtained results, it affirms that PWV derived from the upper limb is more significantly correlated with the known PWV values in children. On a lesser note, a previous study found that the left ventricular isometric contraction time in adults is approximately 160 ms. 11 The results obtained here suggest that this value can also be suitable to be used in children.
There have been proposals that PTT can be one of the key diagnostic tools to be used in ambulatory respiratory sleep studies for both adults and children. Portability of this technique is feasible as PTT measurement requires simple and convenient medical instrumentations like the ECG machine and pulse oximetry. 10 This alternate use of PTT can be seen as a potential means for remote monitoring children who can be badly disturbed by conventional measurement procedures. Furthermore, the simple set-up and noninvasive nature of the PTT technique can promote prolonged monitoring. [10] [11] [12] The secondary theme of this study is to keep the PTT computation method as simple as possible, so that it can be utilised easily. It can be observed that advanced signal processing techniques or complex mathematical deviations are not proposed in the present study. Although these can improve the accuracy of the results to some extents, they are often too cumbersome for practical uses. 9 The results obtained from this study show that both the proposed methods can produce relatively correlated PWV estimates.
It is recognised that there are some limitations in the present study. Firstly, birth weight is known to have influences on the arterial distensibility 4, 5 and this may affect the normative PTT measurements. Moreover, it has been demonstrated that other physiological parameters like HR 14 or coexisting cardiac diseases 10 can confound the normative PTT value. Baseline values of any physiologic parameter are also known to vary with differences in ethnicity, genetic constitution, environmental factors, nutritional status, and the quality of air. 26 Hence, the effect of these factors on PTT measurement warrants further investigations as a continual study. Secondly, it is acknowledged that standard techniques like pulse wave analysis or Doppler ultrasound can be used as a better means of comparison for this study. However, it is worth noting that both methods of computations used here were based on those validated by others in their clinical examinations. 11, [19] [20] [21] In their findings, they have established a significant correlation between the derived PWV values based on their computation methods and those obtained from standard techniques. Thirdly, the findings herein should not be extrapolated for ages, localities, ethnic groups and clinical population beyond those covered by the data that generated them.
Conclusions
The values presented in this study provide a framework from which comparisons may be drawn for any future studies using PTT as a measured parameter to derive PWV (see Table 3 ). It is hoped that the findings herein can supplement the existing scanty data of PTT in children. It is worthy to note that, the PWV values obtained here using the two computation methods can be best seen as an approximation only. Based on the findings obtained here, it can be suggested that the upper limb to is the more suitable peripheral site in deriving a PWV equivalent from the obtained PTT. This can be due to the anatomical position relative to the heart. PTT technique can be attractive as a measure due to its simple and noninvasive nature. Moreover, it can be seen as a surrogate measure of PWV for children as demonstrated in this study. Hence, the PTT technique has the capability to be a nonintrusive derived clinical tool for continuous monitoring of arterial distensibility changes in children.
